Dhruv NT, Tailby C, Sokol HS, Majaj NJ, Lennie P. Nonlinear signal summation in magnocellular neurons of the macaque lateral geniculate nucleus. (M-), but not parvocellular (P-), neurons of the macaque lateral geniculate nucleus (LGN) differ distinctively in their responses to counterphase-modulated and drifting gratings. Relative to stimulation with drifting gratings, counterphase modulation reduces the responses of M-cells in a band around 25 Hz, producing a "notch" in the temporal modulation transfer function (tMTF). The notch is prominent in nearly every M-cell with little variation in the temporal frequency at which it is deepest. The machinery responsible for the notch lies mostly outside the classical linear center. Directly driving the notching mechanism with annular gratings evokes no linear response but elicits a second harmonic (F2) modulation of the discharge accompanied by a drop in the mean discharge (F0). Analysis of the S-potential, which reveals inputs from ganglion cells, shows that 1) tMTFs of the afferent retinal ganglion cells are not notched and 2) during stimulation with annular gratings, the second harmonic component is present, but the drop in the F0 is largely absent from the responses of parasol ganglion cells. These results suggest that the notch is caused by the combined action of the linear response and the second harmonic response, both inherited from retina, and a suppression that originates after the retina. Our results reveal a distinctive signal transformation in the LGN and they show that nearly every M-cell exhibits a spatial nonlinearity like that observed in Y cells of the cat.
I N T R O D U C T I O N
Magnocellular (M-) and parvocellular (P-) neurons in the primate retina and lateral geniculate nucleus (LGN) can be readily distinguished functionally. While P-cells are essentially linear, M-cells are characterized by numerous nonlinearities including contrast saturation , phase advance (Kaplan and Shapley 1982) , and surround suppression (Cleland et al. 1983; Solomon et al. 2002b ). Initial reports also documented Y cell-like nonlinear spatial summation in a small fraction of M-cells Kaplan and Shapley 1982; Lee et al. 1989; Shapley and Perry 1986) . More recently, second-harmonic responses to counterphase-modulated gratings have been observed in nearly all parasol retinal ganglion cells (Crook et al. 2008 ).
Here we describe and characterize a previously undocumented nonlinearity confined to M-cells: over a range of temporal frequencies, the responses of M-cells to counterphase-modulated gratings were dramatically smaller than the responses to drifting gratings (see Fig. 1) . The difference between the responses is best described as a "notch" in the temporal modulation transfer function (tMTF) in the counterphase-modulated condition. None of the known M-cell nonlinearities, which are apparent in the responses of parasol ganglion cells, predict this discrepancy.
We describe initial experiments that demonstrate this nonlinearity and subsequent experiments designed to isolate the mechanisms that give rise to it. Our results show that the notch in the tMTF obtained when neurons are stimulated by counterphase-modulated gratings is present in nearly every M-cell in the LGN but not in the signals recorded from their ganglion cell afferents. Our results also reveal a ubiquitous frequencydoubled response to counterphase stimulation. The notch arises from the interaction of the linear response, the frequencydoubled response, and a constant suppressive signal. The linear and frequency-doubled responses are inherited from retinal ganglion cells and resemble those recorded in cat Y cells (Hochstein and Shapley 1976) ; the steady suppressive signal arises after the retina.
M E T H O D S
We recorded from the LGN in three anesthetized monkeys (Macaca fascicularis) prepared for single-unit recording. The experiments described here were part of a larger set of experiments performed on these animals. All experiments conformed to the New York University Animal Care and Use Committee and National Institutes of Health guidelines.
Preparation
The details of the preparation have been described previously (Solomon et al. 2004 ). Briefly, we made a 10-mm-diam craniotomy over the right LGN. We used a guide tube to penetrate the dura and locate the tip of the recording electrode nominally 3-5 mm above the LGN. We then advanced the electrode in 1 m steps to isolate individual units in the LGN. Neurons had receptive fields between 4 and 25°from the foveae. Most of the cells from which we measured were either M-cells (n ϭ 37) or P-cells (n ϭ 13). Occasionally, we encountered cells that received substantial S-cone drive or were suppressed by contrast (Tailby et al. 2007 ). We classified a neuron based on its contrast sensitivity and linearity of contrast response, chromatic selectivity, and laminar location. For the analysis considered here, we restricted ourselves to M-and P-cells. All stimuli were presented on an Eizo T966 CRT monitor (Ishikawa, Japan, mean luminance ϳ50 cd/m 2 , refresh rate ϭ 160 Hz) and, unless otherwise noted, were large gratings or annuli (external diameter ϭ 8°) modulated at full contrast. drifting gratings, its spatial-frequency tuning, temporal-frequency tuning, size tuning, and contrast response. After identifying the optimal tuning parameters, we measured the response of a cell to seven temporal frequencies logarithmically spaced between 1 and 50 Hz with counterphase-modulated and drifting achromatic gratings of the optimal spatial frequency. The counterphase-modulated gratings were presented at the spatial phase that maximized the response. From the amplitude of the firing rate modulated at the first harmonic of the stimulus (F1), we constructed two tMTFs for each cell, one from the measurements using drifting gratings and one from the measurements using counterphase-modulated gratings.
Model of notching mechanism
For reasons made clear in the following text (see RESULTS) , we believe that the notch in the tMTFs of M-cells results from the confluence of three distinct receptive field mechanisms: the linear receptive field, a bank of rectifying subunits, and a constant suppressive field. The first two mechanisms are the components suggested by Hochstein and Shapley (1976) to explain the behavior of Y cells in cat. The output of the subunit array is modulated at twice the stimulus frequency when we use counterphase-modulated gratings but is constant when we use drifting gratings. The suppressive field in our model outputs an unmodulated signal.
We model the excitation of the linear receptive field (LRF) at each temporal frequency () as a sinusoidal modulation across the time (t) of one stimulus cycle. The excitatory drive to the LRF is the same for drifting and counterphase-modulation, except for an arbitrary difference in the phase of response ( d and cp , respectively)
We allowed the strength of the subunits to vary as a function of temporal frequency, but for a given temporal frequency, we required the magnitude to be consistent for counterphase modulation and drift. Thus output of the rectified subunit array over the duration of a modulation cycle differs in response to drifting and counterphasemodulated gratings and is given by
The outputs of the LRF and the subunit array sum linearly with a suppressive DC offset to yield a generator potential
The DC offset varies as a function of frequency, but at any one frequency is the same for drifting and counterphased conditions. We then convert the generator potential to a spiking response by scaling (K spikes ) the rectified (   ϩ ) generator potential plus a term (R sp ) that determines the maintained discharge rate
The scaling term and the maintained discharge rate were constant for all stimuli. We fit this model to the poststimulus time histograms (PSTHs) generated from drifting and counterphase-modulated stimuli. The model contained eight parameters-six of which had values that changed with each of the seven temporal frequencies, resulting in a total of 44 parameters. We folded each PSTH to one cycle and concurrently fit the model to the entire dataset. Figure 1A shows tMTFs for a P-cell (top) and an M-cell (bottom) measured using achromatic drifting gratings of full contrast (filled symbols). For both cell types, the tMTF rises smoothly to a peak before decreasing to baseline at high frequencies.
R E S U L T S

Deformations of the tMTF
Open symbols show the tMTFs for the same cells measured using counterphase-modulated gratings presented in optimal spatial phase. Linear processing would predict that the two tMTFs would be the same. The P-cell shown in Fig. 1A (top) conforms to expectation; drifting and counterphase-modulated gratings produce nearly identical tMTFs. For the M-cell (Fig. 1A, bottom) , the tMTFs in the two stimulus conditions differ dramatically, exposing the action of what appears to be a nonlinear mechanism. Histograms underneath the panels show responses of the two cells when stimulated with drifting (red) and counterphase-modulated gratings (green). All PSTHs are folded to one cycle of the stimulus. PSTHs for the P-cell are the same in the two stimulus conditions. Those for the Mcell show that the response to counterphase modulation is not only smaller near 25 Hz, but is retarded in phase. Thick black lines on the PSTHs show model fits (see METHODS and DISCUSSION) .
Population summaries in Fig. 1 show the tMTFs of all Pcells (top row) and M-cells (bottom row) stimulated with drifting (B) and counterphase-modulated gratings (C). Thick black lines represent the averaged response. The tMTFs of Pcells are invariant with the type of stimulus modulation. In contrast, the responses of most M-cells are smaller for counterphase-modulated gratings and are characterized by a distinctive notch within a narrow band of higher temporal frequencies. This is clearly shown in D, where the response to a counterphase-modulated grating has been divided by the response to a drifting one. A value less (greater) than one indicates that the response to the counterphase-modulated grating is less (greater) than the response to the drifting grating. The relative response tMTFs of P-cells are flat out to the highest temporal frequencies and are centered around a unit value; those of M-cells contain a notch that is deepest near 25 Hz. Poor choice of spatial phase would yield a lower response to the counterphased stimuli (relative response Ͻ1), but if this was the origin of the lower response, it would result in a uniform relative response across all temporal frequencies and would apply equally to P-and M-cells. Among 34 M-cells studied under both stimulus conditions, in 30 of them, the response to a grating counterphase modulated in optimal spatial phase was reliably lower than the response to a drifting grating at 25 Hz. That difference disappeared at low temporal frequencies. Among 10 P-cells studied with both stimulus types, none gave significantly different responses to counterphased and drifting gratings at any temporal frequency.
A notch around 25 Hz caused by a relative delay between the signals from the classical center and surround mechanisms (with the surround being slower) would imply a relative surround delay on the order of 40 ms. This is much greater than typical delays of around 8 ms found between the linear centers and linear surrounds of M-cells (Croner and Kaplan 1995) . Moreover, we observed the notch by comparing tMTFs obtained from responses to gratings of optimal spatial frequency-a frequency at which the linear surround responds negligibly (En-roth-Cugell and Robson 1966) . The notch appears to arise in some nonlinear mechanism. In what follows, we describe experiments designed to reveal the properties of that mechanism.
Contrast sensitivity of the notching mechanism
To explore how the notch depended on contrast, we collected tMTFs with counterphase-modulated gratings of optimal spatial-frequency at full contrast and at the contrast that evoked 25% of the maximum response (c 25 ). In a separate but comparable group of cells, we made counterpart measurements using drifting gratings. Figure 2A (top) shows an example Mcell stimulated with drifting gratings. The difference between the curves reflects the action of the well-established contrast gain control mechanism, first described in cat by Shapley and Victor (1978) and later in primate by Kaplan and Shapley (1982) . As contrast is increased, the peak of the curve shifts to higher frequencies and the tuning becomes more band-pass, with greater response attenuation at low temporal frequencies.
There is no notch in either tMTF. The effect of contrast on the tMTFs is different when an M-cell is driven by counterphase modulation (Fig. 2A, bottom) . At low contrast, the curve is smooth, but at high contrast, the response is attenuated around 25 Hz, so much so that the response is actually less than at low contrast.
Population summaries show the tMTFs of M-cells stimulated with drifting gratings (Fig. 2 , top row) and counterphasemodulated gratings (Fig. 2 , bottom row) at either c 25 ( Fig. 2B ) or at full contrast ( Fig. 2C) . At low contrasts, there is no sign of a notch, and there is virtually no difference between the average tMTFs obtained with drifting and counterphase-modulated gratings (compare thick black lines in Fig. 2B , top and bottom). Differences emerge at high contrast. With the drifting gratings, we see the expression of retinal gain control (compare Fig. 2 , B and C, top row). With the counterphase-modulated gratings, we see the emergence of the notch (compare thick black lines in Fig. 2C, top and bottom) . The depression of the tMTFs in the notch is generally so strong that the effects of contrast gain control in the counterphased condition are obscured. Figure 2D summarizes, in relative response plots, the effect of contrast on the tMTFs of M-cells stimulated with counterphased gratings and with drifting gratings. The relative response is computed as the ratio of the response to the highcontrast stimulus divided by the response to the low-contrast stimulus. We expect relative responses greater than one because increasing contrast will increase response. If a cell is linear, its relative response plot would be flat as a function of temporal frequency. The curve for drifting grating measurements is concave, reflecting the action of the contrast gain control. The curve for counterphase-modulated gratings is also concave, but the shape is quite different. For temporal frequencies within the range of the notch, the depth of the notch increases with stimulus contrast. Similar results (not shown) were obtained when measurements were made with gratings of twice the optimal spatial frequency (n ϭ 30), suggesting that the mechanism responsible for the notch is composed of functional elements of small spatial extent (Hochstein and Shapley 1976) .
To characterize the effect of contrast on the notch, we measured each neuron's response to counterphasemodulated gratings presented at a range of contrasts. The gratings were modulated at a low temporal frequency well outside the range of the notch (ϳ7 Hz) and at a high frequency near the center of the notch (ϳ25 Hz). Figure 3A shows results from two M-cells. For the cell in the left panel, and almost all others, the low temporal frequency contrast response increased monotonically. For 3 of 12 cells, of which the one on the right was the most extreme example, the response declined slightly at the highest contrast. For both cells in Fig. 3A , and most others, the high temporal frequency contrast response was nonmonotonic, peaking at moderate contrasts (ϳ0.25) before declining markedly at high contrasts. Figure 3 , B and C, summarizes the results for the cells in our population: at a low temporal frequency, the response rose steadily with contrast ( Fig. 3B) ; at a high temporal frequency, it generally rose as contrast increased to ϳ25%, then declined at higher contrasts (Fig. 3C ). The relative response plot (Fig. 3D) shows that the switch from low to high temporal frequency stimulation resulted in a lower contrast sensitivity at low and high contrasts but a comparable contrast sensitivity at moderate contrasts.
Spatial extent of the notching mechanism
The measurements described so far were made with large stimuli that extended beyond the linear receptive field. To examine the spatial extent of the mechanism giving rise to the notch, we measured tMTFs with optimal spatial-frequency gratings counterphase-modulated at full contrast, presented at the optimal size (on average 0.75 times the receptive field center diameter estimated from spatial frequency tuning functions) and at a size that fully covered the linear receptive field (8°diam). Figure 4A shows, for a representative neuron, how patch size affected the tMTF; Fig. 4 , B-D, shows the effects on our sample of cells. The notch is most prominent in responses to large stimuli.
The bulk of the notching machinery evidently resides outside the linear center. This suggests that we can probe the properties of the notching mechanism by using counterphasemodulated annular gratings. Figure 5A shows, for a representative cell, how different components of response varied as the inner diameter of an annulus was progressively enlarged A: contrast response of 2 M-cells to counterphase-modulated gratings at either a low temporal frequency (ϳ7 Hz; filled symbols) or at a temporal frequency that usually produced a notch (ϳ25 Hz; open symbols). B and C: population summaries of the contrast response to optimal spatial frequency gratings counterphased at a low temporal frequency (B) and at a notching temporal frequency (C). D: the ratio of response in the high temporal frequency condition to the response in the low temporal frequency condition. Other conventions as in Fig. 2. (see legend for stimulus attributes). Inset histograms show sample responses. At larger inner diameters, there was no F1 response, but there was an F2 response modulated about a mean rate lower than the maintained discharge to a blank screen. We wondered if a common mechanism could account for both the F0 suppression and F2 elevation and how these signals might be involved in producing the notch.
F2 response and suppression of the maintained discharge
To explore further the relationship between suppression of the maintained discharge and the F2 response, uncontaminated by the F1 response, we stimulated neurons with annular gratings of optimal spatial frequency. We fixed the outer diameter of the annuli to 8°and the inner diameter to the smallest size that failed to evoke an F1 response from the cell. Figure 5B shows the tMTF of a cell stimulated by counterphase-modulated annuli of optimal spatial frequency. These evoked no F1 component of discharge but suppressed the F0 component and elevated the F2 component across a broad range of temporal frequencies (peaking ϳ25 Hz, see PSTHs). Figure 5 , C-E, shows tMTFs for our set of cells. The annuli evoked no linear response ( Fig. 5C ) but reduced the average firing rate (D) and evoked a frequency-doubled response (E) in nearly every M-cell.
The greatest reduction in F0 occurred at the temporal frequency that produced the deepest notch in the linear response (Fig. 1D ) while the increase in F2 peaked at a lower frequency. Figure 5F shows that the F2 elevation and F0 suppression at the notch frequency (ϳ25 Hz) are poorly correlated. F0 suppression, which is evoked almost equally by counterphasemodulated and drifting stimuli, appears to provide a consistent FIG. 4. Notching mechanism is spatially extended. A: tMTFs of an M-cell collected with counterphase-modulated gratings of optimal spatial frequency, at two sizes. The smaller (filled symbols) was the smallest size that evoked the largest response to drifting gratings of optimal spatial frequency.
The larger (open symbols) was set to 8°and extended well beyond the linear center. B and C: population summaries of the tMTFs from responses to small (B) and large (C) stimuli. D: the ratio of response in the large condition to the response in the small condition. Other conventions as in Fig. 2 . . Gratings were counterphasemodulated (5 Hz) at optimal spatial frequency (1.5 cycle/°). Blue triangles denote average firing rate (F0). Red circles denote amplitude of the first harmonic component of the discharge (F1). Green squares denote amplitude of the second harmonic component of the discharge (F2). Dashed lines indicate the spontaneous discharge response components. Inset: PSTHs folded to 1 stimulus cycle, for the indicated annulus inner diameters that elicited no F1 response component. Scale bar denotes 50 imp.s Ϫ1 . Dashed lines in all PSTHs show the average spontaneous firing rate. B: responses of an M-cell stimulated with counterphased annular gratings at a range of temporal frequencies. The inner diameter was the smallest that elicited no F1 response Inset: PSTHs folded to 1 stimulus cycle for the indicated temporal frequencies. Scale bar denotes 50 imp.s Ϫ1 . Dashed lines in all PSTHs show the average spontaneous firing rate. C-E: population summaries of F1 response (C), F0 response (after subtraction of the average maintained discharge) (D), and F2 response (E). Other conventions as in Fig. 2 . F: relationship between the F2 elevation and the F0 suppression at the notch frequency. Example cell shown in black. and sensitive indicator of the notch, and because it is easily capture, we used that in subsequent measurements.
We characterized the spatial-frequency tuning of the notching mechanism with annular gratings drifting at 25 Hz. Occasionally, the lowest spatial frequencies evoked linear responses from the cell (Ͼ5 imp.s Ϫ1 ), in which case those responses were excluded prior to fitting. Figure 6A shows for one cell how the F0 and F1 components of response varied with spatial frequency of annular gratings (open symbols). For comparison, the graph also shows the spatial tuning of the F1 response measured with a large (8°) patch of grating covering the receptive field (filled symbols).
The mechanism giving rise to F0 suppression responded to spatial frequencies almost as high as those that excited the linear receptive field. Because the suppressive mechanism is spatially extended (occupying a region outside the linear receptive field center), its sensitivity to high spatial frequencies implies that it is composed of multiple small subunits. We estimated the size of the receptive field components by fitting a difference-of-Gaussians (DoG) model to the spatial-frequency data (Enroth-Cugell and Robson 1966) . To estimate the subunit size, we fit a suppressive form of the DoG model to the F0 component of discharge; to estimate the sizes of the center and surround of the linear receptive field, we fit a DoG model to the F1 component of discharge (smooth curves in Fig. 6A ). Fits were good, explaining on average 90 and 94% of the variance (Carandini et al. 1997) , respectively.
The suppression was almost always low-pass, suggesting that a Gaussian envelope might represent the spatial profile of the suppressive elements. Figure 6B shows, for all cells on which we made measurements, the relationship between the size of the subunits and the size of the center of the linear receptive field, both estimated from the size of the best-fitting Gaussian. This shows that the subunit of the suppressive mechanism is slightly larger than the center of the linear receptive field. The size of the suppressive mechanism was always much smaller than the classical surround (data not shown).
Extraretinal origin of suppressive signal
Recordings from eight M-cells contained large S-potentials (Naka and Rushton 1966) , which can be taken as surrogates for the retinal ganglion cell spikes that drive the LGN neurons (Kaplan and Shapley 1984) . These S-potentials could be seen in the extracellular waveform either alone or preceding an LGN spike. Because we recorded the full waveform, we could post hoc assess neural response for multiple templates. For these eight M-cells, we constructed the tMTFs from responses to drifting and counterphase-modulated gratings of optimal spatial frequency, using both the LGN spike and the S-potential. The tMTFs constructed from the LGN spikes showed the notch (Fig. 7C, top row) , but those constructed from the Spotentials did not (Fig. 7C, bottom) . This suggests that the deformation of the tMTF originates centrally.
Four of the neurons from which we recorded S-potentials were ones on which we had explored the responses to annular stimuli. The tMTFs constructed from the LGN spikes show reductions in F0 accompanied by increases in F2 (Fig. 5, D and  E) . Three of the four tMTFs constructed from the S-potentials show little, if any, suppression of the maintained discharge; the second harmonic component of the firing rate of LGN cells and their retinal afferents was largely unchanged (Fig. 7, D and E) .
D I S C U S S I O N
We found that the shapes of the tMTFs obtained with drifting and counterphase-modulated gratings differed substantially in M-cells but not in P-cells. The nonlinearity in Mcells was expressed principally as relatively lower sensitivity to stimuli counterphase-modulated at rates between ϳ15 and 50 Hz, resulting in a notched tMTF. Our results further show that the notching mechanism: 1) occupies a region much larger than the classical receptive field center 2) has lower contrast sensitivity than the mechanism generating the linear response 3) has a spatial resolution comparable to that of the linear receptive field, and low-pass spatial frequency tuning, suggesting that it is constructed from an array of small subunits, and 4) originates after the retina, evidenced by the lack of notched tMTFs constructed from S-potential recordings.
The differences between drifting and counterphase-modulated stimuli help us understand the origin of the notch. Drifting gratings have constant root mean square (RMS) contrast during the entire cycle, while the RMS contrast of counterphase-modulated stimuli varies continuously throughout each stimulus cycle: it passes through a null (RMS contrast ϭ 0) twice per cycle and attains maximum values twice per cycle, but most of the time is weaker. Any mechanism that is sensitive to the RMS contrast in a phase-independent manner will respond differently to the two stimuli. In other words, we expect the machinery giving rise to the notch to be excited by both drifting gratings and counterphase-modulated ones but to respond in fundamentally different ways to the two stimuli.
Receptive field model
We fit the model described in METHODS concurrently to the PSTHs obtained at each of the measured temporal frequencies, for the drifting and counterphase-modulated grating conditions. The model contains an F1 term (corresponding to the LRF), an F2 term (that reflects retinal subunits that generate Y- like behavior), and a DC term (affecting the mean discharge level on which the F1 and F2 signals ride). Although we allowed the DC term to take positive values, optimal fits were obtained only if the DC term was negative, indicating suppression. The modeling, as well as our measurements with counterphased annuli, indicates that nearly every M-cell receives inputs from an array of rectifying subunits. In other words, nearly every M-cell is "Y like" (Crook et al. 2008) . Our finding that appropriate stimulation leads to the expression of strong nonlinearities in otherwise linear-appearing M-cells suggests that there might be only a single type of M-cell rather than two distinct types described by Kaplan and Shapley (1982) . Overall, the model did nearly as good a job of fitting the shape of the PSTHs as fitting each PSTH individually with a sinusoid, explaining 82% of the variance on average for Mcells. By Akaike's information criterion, our proposed model was a better description of the data than were pure sinusoids in 22 of the 34 M-cells tested. By contrast, the full model was never a better description of the data than were pure sinusoids for the P-cells tested.
Source of notching signal
The notch can be understood as the result of combining a rectified subunit signal and a DC suppressive signal. DC suppression alone can, in principle, notch the tMTF. However, if this were all that was involved, it would also deform the drifting tMTF, which we did not observe. DC suppression affects the F1 response when it is strong enough to suppress the cell below firing threshold; it is the tuning of the suppression that provides the tuning of the notch. The lack of depressed responses when gratings drift can be attributed to the action of the F2-generating subunits, which collectively provide a positive DC signal that counteracts the suppression (Fig. 8A) . Our data indicate that the suppressive signal emerges after the retina and should be 1) unmodulated in response to both drifting and counterphase-modulated gratings, 2) spatially extended beyond the classical receptive field center, and 3) potent at high contrasts but weak at low contrasts.
These requirements can be met, in principle, by a suppressive mechanism that pools over on-and off-centered LGN neurons. We assume that the pooled output signal is constant in response to drifting gratings because the LGN neurons that feed the pool are spatially distributed. In general, a pool of linear neurons will not generate a constant response to counterphase-modulated stimuli. In response to low-contrast counterphase-modulated gratings, the linear responses of the onand off-centered LGN neurons cancel, yielding zero net input to the suppressive mechanism. However at high contrast, overmodulation of the responses of M-cells in the pool leads to a frequency-doubled drive to the suppressive mechanism (that is distinct from any F2 modulation already present in the input from retinal afferents). If the suppressive mechanism has a relatively long time constant, then an F2 modulated input caused by rapidly counterphase-modulated stimuli can give rise to an unmodulated signal (Fig. 8B ). This potentially also explains why the notch is prominent only at high contrasts. Candidate sources of the suppressive DC signal include input from thalamic reticular nucleus (TRN) and feedback from primary visual cortex (V1). Future studies measuring the orientation tuning, the latency and the dynamics of the notching mechanism might distinguish the possible signal sources.
Relationship with linear surround
We can reject interaction between the linear center and linear surround as the cause of the notching mechanism. Notches are prominent in tMTFs collected with counterphasemodulated gratings of preferred spatial frequency, which negligibly stimulate the classical surround. Furthermore, the notch is deepest at 25 Hz, well below the interaction frequency expected of typical center-surround delays. Frishman et al. (1987) , in cat, and Solomon et al. (2002a) , in primate, described resonant responses from ganglion cells to modulation of spatially uniform fields at high temporal frequencies. However, this resonance occurred at temporal frequencies well above the notch (near 60 Hz) and could be explained by interaction of the linear center and linear sur-round. Additionally, Frishman et al. (1987) found using drifting gratings that the tMTFs of cat Y cells were deformed in a way that strongly resembles what we found with counterphasemodulated gratings. For spatial frequencies higher than optimal, there would be little activation of the linear surround; deformations occurring under these conditions must be attributed to nonlinear mechanisms. Our results differ from these though our model could account for them if the DC suppression term were activated strongly enough by the drifting stimuli to rectify the linear response.
Relationship with gain control in retina and LGN
The retinal contrast gain control causes the peak of the tMTF to move to higher frequencies (Fig. 2) (Shapley and Victor 1978) but does not cause the supersaturation of the contrast response that we found ϳ25 Hz (Shapley and Victor 1978) . For this reason, as well as its retinal origin, the contrast gain control is unlikely to be responsible for the notch.
Expression in cortex
It is unlikely that the tMTFs of V1 neurons that draw heavily from M-cells would be notched because most V1 neurons do not respond strongly at notching frequencies (Hawken et al. 1996) . However, we would expect the strong F0 suppression in M-cells caused by rapidly modulated stimuli in the receptive field periphery to be inherited in V1. Although cortical mechanisms of surround suppression are known to exist, Webb et al. The subunit array outputs a signal that is constant in response to a drifting grating but is modulated at twice the stimulus frequency in response to a counterphased grating. Suppression arises after the retina, through pooling of signals from on-and off-LGN neurons across space and time (light gray). This results in a suppressive signal that is the same whether the stimulus is drifting or counterphased. The 3 signals are summed before passing through a static nonlinearity. Dashed black lines represent either baseline membrane potential or spike rate. B: DC response evoked by counterphase modulation. The DC suppression component of the notching mechanism can be construed as a mechanism that pools over on-and off-subunits (dark gray and light gray, respectively). At low contrast (left), the onand off-signals cancel yielding no net pooled activity (thick black line). Rectification of the on-and off-responses to high-contrast stimuli (right) causes the pooled activity to elevate due to unequal cancellation. A sufficiently slow synapse (bottom) then acts to produce constant responses to counterphased stimuli. If this synapse is inhibitory, the result is a DC suppression in response to high contrast counterphased stimuli.
